Introduction
============

Osteoporosis is a bone disease which is characterized by decreased bone strength, and an imbalance between bone formation and bone resorption causes osteoporosis ([@b1-ijmm-37-04-0901],[@b2-ijmm-37-04-0901]). Currently, there are several therapeutic options available for managing osteoporosis. The bone resorption inhibitors (e.g., bisphosphonates, calcitonin and estrogens) are widely used in the treatment of osteoporosis ([@b3-ijmm-37-04-0901]). The bone resorption inhibitors regulate bone density by blocking osteoclast function; however, long-term use of these drugs may have severe side effects. For instance, the prolonged use of estrogen increases the risk of breast cancer and heart disease ([@b4-ijmm-37-04-0901]). Moreover, the efficacy of bone resorption inhibitors in recovering bone mass is relatively moderate. Hence, natural compounds or other synthetic substances for bone formation with fewer undesirable side effects are an alternative strategy for managing osteoporosis.

Bone formation is comprised of a complex series of events during which mesenchymal stem cells are differentiated into osteoblasts. In osteoblast differentiation, bone morphogenetic proteins (BMPs) play an essential role in bone formation via the production of bone specific matrix proteins ([@b5-ijmm-37-04-0901],[@b6-ijmm-37-04-0901]). BMP-2, an important growth factor in the BMP subfamily, modulates osteoblast differentiation by stimulating osteoblast-related transcriptional factors, including runt-related transcription factor 2 (RUNX2) and Osterix ([@b7-ijmm-37-04-0901],[@b8-ijmm-37-04-0901]). Protein kinase A (PKA, a serine/threonine kinase) regulates many cellular functions, including immune response, sugar metabolism, and osteoblast differentiation ([@b9-ijmm-37-04-0901]--[@b11-ijmm-37-04-0901]). Previous studies have indicated that several osteoblast-specific transcriptional factors are regulated by PKA ([@b11-ijmm-37-04-0901]--[@b13-ijmm-37-04-0901]). Although the precise mechanisms are not yet fully understood, it has been noted that PKA acts downstream of the BMP-2/RUNX2 pathway and enhances osteogenic differentiation ([@b11-ijmm-37-04-0901]).

Flos *Chrysanthemi Indici* (FCI), the flower of *Chrysanthemum indicum* L., is a commonly used herb in traditional Chinese medicine, and it has effective antimicrobial, antioxida-tive, and antimycotic properties ([@b14-ijmm-37-04-0901]--[@b17-ijmm-37-04-0901]). Linarin (LIN), a natural flavonoid compound in FCI, has been shown to exert various pharmacological effects, including anti-inflammatory, neuro-protective, cardioprotective and antioxidative effects ([@b18-ijmm-37-04-0901]--[@b22-ijmm-37-04-0901]). LIN has previously been shown to induce the differentiation and mineralization of the mouse osteoblastic cell line MC3T3-E1 ([@b18-ijmm-37-04-0901]); however, the mechanism of action has not yet been revealed. The present study aimed to investigate the effects of LIN on the differentiation and mineralization of MC3T3-E1 osteoblastic cells and the involvement of the PKA-mediated BMP-2/RUNX2 signaling pathway. The effect of LIN on preventing bone loss was studied using an ovariectomized mice model.

Materials and methods
=====================

Plant materials and reagents
----------------------------

The FCI was bought from the Haozhou medicinal material market (Anhui, China). The water was purified using an RU-B laboratory ultrapure water system (Shanghai Tauto Biotech Co., Ltd., Shanghai, China). The Cell Counting Kit-8 (CCK-8) was bought from Dojindo Molecular Technologies, Inc. (Tokyo, Japan). The alkaline phosphatase (ALP) activity assay kit and bicincho-ninic acid (BCA)-protein assay kit were both obtained from Beyotime Institute of Biotechnology (Jiangsu, China). Noggin and H-89 dihydrochloride hydrate were purchased from Sigma-Aldrich (St. Louis, MO, USA). Primary antibodies targeting p-SMAD1/5 (Ser463/465; \#9516) and SMAD1/5 (\#12656) were obtained from Cell Signaling Technology, Inc. (Danvers, MA, USA). Primary antibodies targeting PKA (ab75991), BMP-2 (ab14933), RUNX2 (ab76956) and β-actin (ab32572) were purchased from Abcam (Cambridge, UK).

Preparation of LIN from FCI
---------------------------

The FCI was extracted three times with 80% ethanol (each extraction was for 2 h). The extracts were filtered, combined, and evaporated to dry under reduced pressure at 55°C. The dried product of the ethanolic extract was dissolved in purified water, and extracted successively with n-hexane, ethyl acetate and n-butanol. The ethyl acetate fraction was subjected to high-speed countercurrent chromatography (HSCCC; Shanghai Tauto Biotech Co., Ltd.) with a two-phase solvent system \[chloroform/methanol/water (4:3:2, v/v/v)\]. Under optimized conditions, LIN was isolated and purified by HSCCC ([Fig. 1B](#f1-ijmm-37-04-0901){ref-type="fig"}). Finally, the structure of LIN was identified by proton and carbon-13 nuclear magnetic resonance (NMR) spectra (Varian Unity Inova 500 NMR system) (Varian Medical Systems, Inc., Palo Alto, CA, USA), as previously described ([@b23-ijmm-37-04-0901]). The purity of LIN (98.5%) was then determined by high-performance liquid chromatography (Dionex Corp., Sunnyvale, CA, USA) ([Fig. 1C](#f1-ijmm-37-04-0901){ref-type="fig"}).

LIN powder was dissolved in vehicle (10% Tween-80 in physiological saline) to provide a final concentration of 5 and 15 mg/ml for *in vivo* experiments. For *in vitro* experiments, LIN was dissolved in dimethyl sulfoxide (DMSO) (final DMSO concentration in the culture was less than 0.5%).

Cell culture and osteoblast differentiation
-------------------------------------------

The MC3T3-E1 cell line (a mouse osteoblast cell line) was obtained from the American Type Culture Collection (ATCC; Manassas, VA, USA). Cells were cultured in α-modified minimal essential medium (α-MEM; Invitrogen, Carlsbad, CA, USA) at 37°C in an atmosphere with 5% carbon dioxide. Subsequently, 10% fetal bovine serum, 1% penicillin, and 1% streptomycin were added to the medium. To induce osteogenic differentiation, cells were cultured until they reached confluence and transferred to α-MEM containing 10% FBS, 1% penicillin, 1% streptomycin, 10 mM β-glycerophosphate and 50 *µ*g/ml ascorbic acid.

Cell proliferation assay
------------------------

The cell proliferation rate was determined using CCK-8. In this assay, MC3T3-E1 cells were cultured in 96-well plates (4×10^3^ cells/well) for 24 h. The cells in various wells were then treated with 0, 10^−9^, 10^−8^, 10^−7^, 10^−6^ or 10^−5^ M LIN concentrations. After 48 and 72 h incubation, 10 *µ*l CCK-8 reagent was added to each well and cultured for 1 h. Absorbance was then measured at 450 nm using a microplate reader (Tecan, Grödig, Austria). All tests were performed in triplicate.

Measuring ALP activity
----------------------

MC3T3-E1 cells were incubated with or without LIN in 24-well plates. After 1, 3, 5 and 7 days of incubation, cells were washed two times with phosphate-buffered saline (PBS) and lysed in 0.2% Triton X-100. The lysate was then centrifuged at 10,000 × g for 5 min. The supernatant was collected and incubated in p-Nitrophenylphosphate (pNPP) at 37°C for 30 min. After the reaction was stopped, absorbance was measured at 405 nm. The protein levels were measured using a BCA protein assay kit, as previously described ([@b24-ijmm-37-04-0901]). Absorbance was measured at 560 nm. ALP activity was normalized to an absorbance value at 405 nm/mg of total protein.

Determination of mineralized matrix
-----------------------------------

Mineralization in the MC3T3-E1 cells was determined by staining with Alizarin red S, which selectively binds to calcium and yields a dark red stain. The cells (2×10^5^) were cultured in 24-well plates with various doses of LIN for 21 days. Staining with 40 mM Alizarin red S (pH 4.2) was performed, and the images of calcified matrices were photographed under a Nikon microscope. To quantify the calcified matrix, Alizarin red S stained cells were treated with 100 mM cetylpyridinium chloride for 1 h. The absorbance was then measured at 570 nm on enzyme-linked immunosorbent assay (ELISA) reader.

Real time-quantitative polymerase chain reaction (RT-qPCR)
----------------------------------------------------------

MC3T3-E1 cells (1×10^5^) were incubated with or without LIN in 24-well plates for 7 days. Total ribonucleic acid (RNA) was extracted using RNeasy Mini kits (Qiagen, Inc., Valencia, CA, USA). In addition, the complementary deoxyribonucleic acid (cDNA) was synthesized from 1 *µ*g total RNA of each sample using reverse transcription kits (Takara Bio, Inc., Otsu, Japan). RT-qPCR was performed on an ABI 7500 Sequencing Detection system (Applied Biosystems, Foster City, CA, USA) using SYBR Premix Ex Taq kits (Takara Bio, Inc.). The PCR conditions were as follows: 50°C incubation for 2 min, 95°C initial denaturation for 10 min, then 95°C for 15 sec, 60°C for 30 sec and 72°C for 30 sec for 40 cycles. Fluorescence data were collected in the extension step (72°C for 30 sec). All reactions were run in triplicate. PCR data were analyzed using ABI Prism 7000 SDS software, and the housekeeping gene β-actin served as an internal control. The target primer sequences are listed in [Table I](#tI-ijmm-37-04-0901){ref-type="table"}.

Western blot analysis
---------------------

MC3T3-E1 cells were incubated with or without LIN in 6-well plates for different time intervals. After washing with PBS twice, cells were incubated in lysis buffer \[pH 7.9; 10 mM 4- (2-hydroxyethyl)-1-piperazineethanesulfonic acid, 10 mM potassium chloride, 0.1 mM ethylenediamine-tetraacetic acid (EDTA), 1 mM dithiothreitol, and protease inhibitors leupeptin (10 *µ*g/ml), aprotinin (10 *µ*g/ml) and 0.1 mM phenylmethylsulfonyl fluoride\] for 30 min at 4°C. For western blot analysis, the protein lysate (30 *µ*g) was subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis (10% gels) and transferred to polyvinylidene difluoride membranes (Pall Corporation, Port Washington, NY, USA). After blocking non-specific interactions with TBS buffer (0.05% Tween-20 and 5% non-fat milk) for 1 h, the membranes were incubated with target primary antibodies (BMP-2, SMAD1/5, p-SMAD1/5, RUNX2, PKA and β-actin at 1/1,000 dilution). Subsequently, the membranes were washed three times with washing buffer containing 0.05% Tween-20 and incubated with appropriate horseradish peroxidase-conjugated secondary antibody (sc-2005; Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA) at 1:5,000 dilution. The membranes were washed again, and target bands were detected with an enhanced chemiluminescence detection system (Santa Cruz Biotechnology, Inc.). β-actin was used as the internal control. The experiments were replicated three times.

Animals
-------

Female C57/BL6 mice (21±1.5 g, 8 weeks old) were purchased from the Shanghai Laboratory Animal Center (SLAC), Shanghai, China. The mice were housed in the Laboratory Animal Facility at Tongji University under controlled temperature (22--24°C) and humid (50--60%) conditions and exposed to a 12-h light/dark cycle with free access to food (SLAC standard mice food) and water. The mice were acclimatized for at least seven days before the experiments. All animal experiments were performed according to the National Institutes of Health Guidelines for the Care and Use of Laboratory Animals and were approved by the Animal Care and Use Committee of Shanghai Tongji University, Shanghai, China.

Ovariectomy (OVX)-induced osteoporosis
--------------------------------------

The mice were randomly divided into four groups (n=10/group), namely three groups which underwent an OVX and one sham-operated group (control group). Animals in the OVX groups were ovariectomized bilaterally under sodium pentobarbital anesthesia (intraperitoneal dose of 40 mg/kg), whereas control group mice were sham-operated for comparison. After 1 week of recovery from surgery, the mice which underwent an OVX were treated with either vehicle (10% Tween-80) or LIN (daily intragastric administration of LIN at 50 and 150 mg/kg body weight, respectively, in the low, LIN-L, and high, LIN-H, LIN-treated groups) for 8 weeks. The dosages of LIN were safe for mice, as has been previously described ([@b22-ijmm-37-04-0901]). The control group mice were administered orally with vehicle. At the end of the 8-week treatment, the mice were sacrificed by cardiac puncture and the blood was collected. The femurs were excised and then immediately fixed in 4% paraformaldehyde for further experiments. Serum ALP and osteocalcin (OCN) levels were measured using mouse-specific ELISA kits (Biomedical Technologies, Inc., Stoughton, MA, USA).

The left-side femurs of the mice were scanned with a cone-beam micro-computed tomography (CT) system (SkyScan 1076; SkyScan, Kontich, Belgium) at a resolution of 18 *µ*m using the following settings: X-ray voltage, 40 kV; electric current, 250 *µ*A; and rotation step, 0.6°. Bone parameters of femurs were analyzed directly from the original three-dimensional images, and micro-CT analysis was performed as previously described ([@b25-ijmm-37-04-0901]). Microstructural indices of the trabecular bone of the femurs including bone volume/tissue volume (BV/TV), bone surface (BS/TV), trabecular space (Tb.Sp), trabecular number (Tb.N), as well as bone mineral density (BMD) were determined. Tissues were removed, fixed in 4% paraformaldehyde for one day at 4°C, and then decalcified in 10% EDTA. Decalcified bones were embedded in paraffin, sectioned, and stained with haema-toxylin and eosin (H&E) for histological examination.

Statistical analysis
--------------------

Data are expressed as the means ± standard deviation. One-way analysis of variance was used to compare the results between different groups. A P-value \<0.05 was considered to indicate a statistically significant difference.

Results
=======

Effect of LIN on the proliferation of MC3T3-E1 cells
----------------------------------------------------

The effect of LIN (10^−9^, 10^−8^, 10^−7^, 10^−6^ and 10^−5^ M) on osteoblastic cell viability was examined, and the results demonstrated that LIN dose-dependently increased cell proliferation ([Fig. 2](#f2-ijmm-37-04-0901){ref-type="fig"}). Based on the above results, 0.1, 1 and 10 *µ*M of LIN were used in the following experiments.

LIN enhances ALP activity of MC3T3-E1 cells
-------------------------------------------

ALP is a key enzyme for the early differentiation of osteoblasts ([@b26-ijmm-37-04-0901]). Hence, the effect of LIN on ALP activity was assessed. The results demonstrated that ALP activity was not significantly increased by LIN after 1 and 3 days of incubation, whereas ALP activity was increased by LIN in a dose-dependent manner at 5 and 7 days after treatment ([Fig. 3](#f3-ijmm-37-04-0901){ref-type="fig"}).

LIN enhances the mineralization of the extracellular matrix in MC3T3-E1 cells
-----------------------------------------------------------------------------

The development of calcified nodules is an important marker of osteoblast maturation. When compared to the control, LIN (1 and 10 *µ*M) significantly enhanced the formation of calcified nodules in MC3T3-E1 cells after 21 days of incubation. The calcified nodules appeared bright red in color after Alizarin red S staining ([Fig. 4](#f4-ijmm-37-04-0901){ref-type="fig"}). The results suggest that LIN promotes the mineralization of extracellular matrix in a dose-dependent manner in MC3T3-E1 cells.

BMP-2 mediates LIN-induced upregulation of osteogenesis-related gene expression in MC3T3-E1 cells
-------------------------------------------------------------------------------------------------

The expression of osteogenic gene markers ALP, RUNX2, OCN, bone sialo-protein (BSP), and type I collagen (COL-I) in MC3T3-E1 cells was examined using RT-qPCR after incubation with 10 *µ*M LIN for 7 days. The results demonstrated that the osteogenesis-related gene expression levels were significantly increased in MC3T3-E1 cells treated with LIN ([Fig. 5A](#f5-ijmm-37-04-0901){ref-type="fig"}).

It has previously been noted that BMP-2 plays a critical role in bone formation and remodeling and noggin is a specific inhibitor for BMP-2 signaling pathway ([@b27-ijmm-37-04-0901]). To further reveal the role which BMP-2 plays in LIN-induced osteogenesis, MC3T3-E1 cells were pretreated with noggin (100 ng/ml) for 2 h. Pretreatment with noggin significantly reduced the LIN-induced gene expression of COL-1, ALP, OCN, BSP and RUNX2 ([Fig. 5A](#f5-ijmm-37-04-0901){ref-type="fig"}). This result indicates that LIN-induced upregulation of osteogenesis-related gene expressions is activated via the BMP-2-dependent pathway.

LIN stimulates osteoblast differentiation via the BMP-2 signaling pathway
-------------------------------------------------------------------------

The downstream transcription factors SMAD and RUNX2 are known to mediate the action of BMP-2 ([@b28-ijmm-37-04-0901]). To further examine whether the BMP-2 signaling pathway was influenced by LIN, the expression of BMP-2, p-SMAD1/5, and RUNX2 in MC3T3-E1 cells after treatment with LIN (0.1--10 *µ*M) was determined using western blot analysis. The results showed that LIN dose-dependently increased BMP-2 and RUNX2 protein levels ([Fig. 5B](#f5-ijmm-37-04-0901){ref-type="fig"}). LIN had little impact on unphosphorylated SMAD1/5 expression; however, it increased p-SMAD1/5 protein levels ([Fig. 5B](#f5-ijmm-37-04-0901){ref-type="fig"}). These results suggest that LIN promotes the osteoblast differentiation via the BMP-2/SMAD-dependent RUNX2 signaling pathway.

LIN-induced osteoblast differentiation is mediated by PKA activation
--------------------------------------------------------------------

To determine whether PKA was associated with LIN-induced osteoblast differentiation, PKA protein expression levels after LIN treatment were analyzed by western blot analysis. LIN markedly stimulated PKA protein expression in a time- and dose-dependent manner ([Fig. 6A and B](#f6-ijmm-37-04-0901){ref-type="fig"}). Pretreatment with H-89 (PKA inhibitor, 2 *µ*M) partially blocked the LIN-induced increase in BMP-2, p-SMAD1/5 and RUNX2 protein accumulation ([Fig. 6C](#f6-ijmm-37-04-0901){ref-type="fig"}). These results suggest that LIN promoted osteoblast differentiation through the PKA-dependent pathways, with associated BMP-2/RUNX2 activation.

Effects of LIN on OVX-induced bone loss
---------------------------------------

To examine the *in vivo* effect of LIN on OVX-induced bone loss, the trabecular bone microarchitecture of ovariectomized mice was examined using micro-CT. The micro-CT scan revealed that the OVX induced extensive bone loss at metaphyseal distal femurs of mice; quantitative analysis of bone parameters revealed a significant reduction of BV/TV, BS/TV and Tb.N and an increase of Tb.Sp, suggesting osteolysis. LIN dose-dependently preserved the trabecular bone microarchitecture of ovariectomized mice ([Fig. 7A](#f7-ijmm-37-04-0901){ref-type="fig"}). Moreover, LIN slightly increased BMD compared to the control OVX group; however, this increase was not statistically significant. In addition, histological analysis verified the protective role of LIN on OVX-induced bone loss ([Fig. 7A](#f7-ijmm-37-04-0901){ref-type="fig"}). Finally, an OVX resulted in an increase of serum ALP and OCN, whereas LIN pretreatment (150 mg/kg for 8 weeks) had significantly decreased OVX-induced serum ALP and OCN levels ([Fig. 7C](#f7-ijmm-37-04-0901){ref-type="fig"}).

Discussion
==========

It has previously been shown that osteoblasts play a fundamental role in bone formation and remodeling; however, these failed to produce bone regrowth in musculoskeletal disorders such as osteoporosis ([@b1-ijmm-37-04-0901],[@b29-ijmm-37-04-0901]). Recently, it has been suggested that natural flavonoid compounds exert a therapeutic effect on osteoporosis ([@b30-ijmm-37-04-0901]). Hence, in the present study, the effects of LIN, a natural flavonoid compound isolated from *Chrysanthemum indicum*, on osteoblastic MC3T3-E1 cells *in vitro* and OVX-induced bone loss *in vivo* were assessed. When compared with the control, LIN significantly promoted the growth of MC3T3-E1 cells in a dose-dependent manner. Osteogenic differentiation is a complex process which results in the formation of mineralized extracellular matrix. There are large number of regulators governing the osteogenic differentiation such as ALP, COL-I, OCN and BSP, and ALP is a key enzyme that provides a high concentration of phosphate at an earlier stage of mineral deposition ([@b26-ijmm-37-04-0901]). COL-I, an important component of the bone extracellular matrix, connects the cell surface integrins with other extracellular matrix proteins ([@b31-ijmm-37-04-0901]). BSP is localized in the extracellular matrix, which can increase the nucleation of hydroxyapatite crystal formation and promote the calcium absorption and mineralization ([@b32-ijmm-37-04-0901]). OCN is a protein abundantly found in bone. In the present study, we noted that LIN significantly increased the mRNA gene expression of ALP and upregulated the mRNA levels of BSP, COL-1 and OCN, and thereby enhanced mineralization. Thus, LIN promoted cell differentiation and the maturation of osteoblasts, indicating that LIN is beneficial in preventing osteoporosis by promoting osteoblast function.

To further understand the effect of LIN on MC3T3-E1 cell differentiation, the signaling pathways responsible for cell differentiation were investigated. BMPs are critical in regulating osteoblast differentiation and successive bone formation, and BMP-2, a BMP subfamily protein, has exhibited strong osteosynthetic activity *in vivo* and *in vitro* ([@b33-ijmm-37-04-0901],[@b34-ijmm-37-04-0901]). In the present study, noggin, a specific inhibitor of the BMP-2 signaling pathway, was used to block the activation of the BMP-2 pathway and osteogenic-related gene activity was then examined. The results showed that the inhibitory effect of noggin affected the expression of several osteogenic genes induced by LIN. These results suggested that the BMP-2 signaling pathway is involved in LIN-induced cell differentiation.

Serine/threonine kinase receptors and downstream transcription factors such as SMAD1/5 have previously been shown to mediate BMP-2 intracellular signals. After activation, SMAD1/5 is recognized and phosphorylated by type I receptors. This p-SMAD1/5 forms a complex with SMAD4 and then moves to the cell nucleus where it recognizes the regulatory elements of target genes associated with differentiation ([@b35-ijmm-37-04-0901]). In the present study, we noted that LIN enhanced BMP-2 production in MC3T3-E1 cells. In addition, the p-SMAD1/5 protein level was increased by LIN in MC3T3-E1 cells. These data suggest that BMP-2 mediates LIN-induced upregulation of differentiation in MC3T3-E1 cells.

RUNX2, an important transcriptional factor for osteoblast differentiation, has been reported to be induced by BMP-2 ([@b7-ijmm-37-04-0901],[@b36-ijmm-37-04-0901]). Moreover, RUNX2 directly interacts with the promoter regions of key osteoblast specific genes, including ALP, OCN and BSP ([@b37-ijmm-37-04-0901]). In the present study, the effect of LIN on RUNX2 expression in MC3T3-E1 cells was examined. The results showed that RUNX2 was activated by LIN at both mRNA and protein levels, indicating that LIN induces osteogenic differentiation via the BMP-2/RUNX2 pathway.

PKA, a cyclic adenosine monophosphate (cAMP)-dependent protein kinase, serves as a second messenger that is found ubiquitously in mammalian cells ([@b38-ijmm-37-04-0901]). Many compounds either directly or indirectly modulate PKA activity, and thereby promote the osteoblast differentiation of mesenchymal stem cells ([@b11-ijmm-37-04-0901],[@b39-ijmm-37-04-0901],[@b40-ijmm-37-04-0901]). For example, recent reports have indicated that PKA regulates the osteogenic-related proteins such as RUNX2 and Osterix ([@b12-ijmm-37-04-0901],[@b13-ijmm-37-04-0901]). In another study, it has been shown that cAMP promotes SMAD-mediated BMP signaling via the PKA pathway ([@b41-ijmm-37-04-0901]). In the present study, we noted that PKA activation was induced by LIN in a time- and dose-dependent manner. These results were further confirmed by using a PKA inhibitor (H-89). LIN-induced BMP-2, SMAD1/5 and RUNX2 protein expression was abrogated in the presence of H-89. These results suggest that the LIN-induced osteoblast differentiation is mediated, at least in part, via the cAMP/PKA signaling pathway.

Several signaling pathways, including the PKA-, protein kinase C-, mitogen-activated protein kinase-, and 5′ AMP-activated protein kinase-dependent pathways have been shown to modulate osteoblast differentiation in response to external stimuli ([@b28-ijmm-37-04-0901],[@b42-ijmm-37-04-0901],[@b43-ijmm-37-04-0901]). In the present study, co-treatment with H-89 and LIN in MC3T3-E1 cells resulted in partial reversal of the activation of the BMP-2 signaling pathway. This indicated that PKA signaling is not the only pathway that modulates downstream of BMP-2 and enhances the osteogenic differentiation induced by LIN. The actual mechanism by which LIN regulates the osteoblast differentiation requires further investigation.

Finally, the *in vivo* effects of LIN on postmenopausal osteoporosis, which was stimulated by OVX-induced bone loss in mice, was investigated. The results showed that LIN (50 and 150 mg/kg/day) significantly improved the trabecular bone microarchitecture of distal femur in ovariectomized mice. This suggests that LIN is effective in preventing OVX-induced bone loss. These findings were also confirmed with histological examination of the femur tissues using H&E staining. Due to imbalance between bone formation and resorption, the deterioration of bone microstructure with associated acceleration of bone turnover occurs ([@b44-ijmm-37-04-0901]). We noted that serum ALP and OCN levels were significantly increased in ovariectomized mice, which were considered to be markers of bone turnover. The treatment with LIN reversed the increase of osteoporotic markers in the mice which underwent OVX, indicating that LIN prevents bone loss through inhibition of bone turnover.

In conclusion, the present study indicated that LIN induces the differentiation and minezralization of MC3T3-E1 cells. The effects of LIN were mediated by activating BMP-2/RUNX2 pathway via PKA signaling and promoting osteoid gene expression. Moreover, LIN administration prevented OVX-induced deterioration of trabecular microarchitecture *in vivo*. In short, LIN should be considered as a natural alternative for postmenopausal osteoporosis.
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![Preparation and purification of linarin (LIN) from Flos *Chrysanthemi Indici* (FCI). (A) Chemical structure of LIN. (B) High-speed countercurrent chromatography (HSCCC) chromatogram of LIN from ethyl acetate fraction of FCI. (C) HPLC chromatogram of LIN purified by HSCCC.](IJMM-37-04-0901-g00){#f1-ijmm-37-04-0901}

![Effect of linarin (LIN) on cell proliferation of MC3T3-E1 cells. The cells were treated with different concentrations (M) of LIN for 2 and 3 days respectively, and cell viability was measured by CCK-8 assay. Administration of LIN increased the proliferation of MC3T3-E1 cells. Data are represented as the means ± SD of three independent experiments. ^\*^P\<0.05 as compared with control; ^\*\*^P\<0.01 as compared with control.](IJMM-37-04-0901-g01){#f2-ijmm-37-04-0901}

![Effect of linarin (LIN) on alkaline phosphatase (ALP) activity of MC3T3-E1 cells. After treatment with various cocentrations of LIN for various time intervals, ALP activity was assessed using a commercial ALP kit. Administration of LIN increased the differentiation of MC3T3-E1 cells. Data are represented as the means ± SD of three independent experiments. ^\*\*^P\<0.01 as compared with control.](IJMM-37-04-0901-g02){#f3-ijmm-37-04-0901}

![Effect of linarin (LIN) on mineralization of MC3T3-E1 cells. (A) After treatment with various concentrations of LIN for 21 days, the mineral nodule formation was assessed by Alizarin red S dye (×4). Scale bar, 100 *µ*m. (B) The bound, stained cells were washed with cetylpyridinium chloride and quantified using a Bio-Rad ELISA reader. LIN increased the mineralization of MC3T3-E1 cells. Data are represented as the means ± SD of three independent experiments. ^\*\*^P\<0.01 as compared with control.](IJMM-37-04-0901-g03){#f4-ijmm-37-04-0901}

![Linarin (LIN) promotes osteoblast differentiation through the bone morphogenetic protein-2 (BMP-2) signaling pathway. (A) MC3T3-E1 cells were pretreated with 10 *µ*M LIN or vehicle (DMSO) in the presence or absence of 100 ng/ml noggin and were then induced to undergo osteogenesis for 7 days. Levels of type I collagen (COL-I), alkaline phosphatase (ALP), osteocalcin (OCN), bone sialoprotein (BSP) and runt-related transcription factor 2 (RUNX2) mRNA expression were analyzed by RT-qPCR. (B) Western blot analysis of BMP-2, SMAD1/5 phosphorylation and RUNX2 expression after treatment of MC3T3-E1 cells with the indicated concentration of LIN for 48 h. The quantitation of the blots was undertaken by densitometric analysis. Data are represented as the means ± SD of three independent experiments. ^\*^P\<0.05, ^\*\*^P\<0.01 compared with the control; ^\#^P\<0.01 compared with LIN.](IJMM-37-04-0901-g04){#f5-ijmm-37-04-0901}

![Role of protein kinase A (PKA) in the upregulation of osteoblastic activity by linarin (LIN). (A) Western blot analysis of PKA expressions after treatment with 10 *µ*M LIN for 6, 12, 24 or 48 h. (B) Western blot analysis of PKA expression after treatment with 0.1--10 *µ*M LIN for 48 h. (C) Cells were pretreated with the PKA inhibitor H89 (2 *µ*M) for 1 h, and then 10 *µ*M LIN was added for 48 h. Western blot analysis showed that pretreatment with H89 counteracted the effect of LIN on BMP-2, p-SMAD1/5 and runt-related transcription factor 2 (RUNX2) expression. The quantitation of the blots was undertaken by densitometric analysis. Data are represented as the means ± SD of three independent experiments. ^\*^P\<0.05, ^\*\*^P\<0.01 compared with the control; ^\#^P\<0.01 compared with LIN.](IJMM-37-04-0901-g05){#f6-ijmm-37-04-0901}

![Effects of linarin (LIN) on bone loss in ovariectomized (OVX) mice. Ovariectomized mice were orally administered with LIN (50 or 150 mg/kg) for 8 weeks. (A) Three-dimensional images of the proximal femurs were obtained with a *µ*CT. Femurs were fixed, decalcified, dehydrated, sectioned and H&E stained (magnification, ×10). (B) The microstructural indices were quantified from data obtained by the *µ*CT, including bone volume/tissue volume (BV/TV), bone surface/tissue volume (BS/TV), trabecular number (Tb.N), trabecular space (Tb.Sp) and bone mineral density (BMD). (C) Serum levels of alkaline phosphatase (ALP) and osteocalcin (OCN) were analyzed with the respective kit. The results are expressed as the means ± SD, n=8--10/group. ^\*^P\<0.05, ^\*\*^P\<0.01 compared with OVX; ^\#^P\<0.01 compared with LIN; ^\#\#^P\<0.01 compared with sham-operated group.](IJMM-37-04-0901-g06){#f7-ijmm-37-04-0901}

###### 

Specific primers used for RT-qPCR.

  Gene      Forward                          Reverse
  --------- -------------------------------- ------------------------------
  COL-I     5′-GAGCGGAGTACTGGATCG-3′         5′-GCTTCTTTTCCTTGGGGTT-3′
  ALP       5′-GATCATTCCCACGTTTTCACATT-3′    5′-TTCACCGTCCACCACCTTGT-3′
  OCN       5′-GAGGACCATCTTTCTGCTCACTCT-3′   5′-TTATTGCCCTCCTGCTTGGA-3′
  BSP       5′-AGGACTGCCGAAAGGAAGGTTA-3′     5′-AGTAGCGTGGCCGGTACTTAAA-3′
  RUNX2     5′-GCACAAACATGGCCAGATTCA-3′      5′-AAGCCATGGTGCCCGTTAG-3′
  β-actin   5′-TCTGCTGGAAGGTGGACAGT-3′       5′-CCTCTATGCCAACACAGTGC-3′

COL-I, type I collagen; ALP, alkaline phosphatase; OCN, osteocalcin; BSP, bone sialoprotein; RUNX2, runt-related transcription factor 2.
